INTRODUCTION
In the study of seabird diet, conventional methods such as the analysis of stomach contents (e.g. stomach flushing; Wilson 1984 , Barrett et al. 2007 ) have been used to assess which prey items are captured by birds during their last foraging trip. However, this may be biased towards prey types that are more resistant to digestion (Votier et al. 2003) or those with hard body parts (e.g. squid beaks) that are retained in the stomach (Wilson et al. 1985) . The use of isotopic signatures in animal ecology has become an important tool in the study of trophic ecology (Hodum & Hobson 2000 , Post 2002 . Although stable isotopes do not provide the taxonomic detail provided by conventional dietary analysis, they avoid prey digestibility biases because only assimilated food is taken into account. However, in the absence of spatial information (i.e. where the ABSTRACT: The use of stable isotopes of animal tissues to infer diet and habitat selection has emerged as a powerful tool, particularly when combined with conventional dietary analysis to provide an integrated view of the assimilated diet. We used 3 techniques during 3 yr (2006 to 2008) on 6 different populations of Cory's shearwaters Calonectris diomedea), ranging from neritic (Berlengas archipelago) to oceanic areas (Azores, Desertas and Selvagens archipelagos), to evaluate the trophic and foraging ecology of this species over the North Atlantic. We deployed data loggers to track foraging movements and feeding locations, and collected blood and diet samples from each individual after each foraging excursion. We also measured the isotopic signatures of the main prey species for each population. Analysis of stomach regurgitations showed that Trachurus picturatus was the main prey for populations exploiting oceanic environments (Azores and Desertas); Sardina pilchardus and Belone belone dominated the diet of birds feeding in neritic areas (Berlengas); and Trachurus trachurus, Scomber sp. and Exocoetus volitans were important for birds exploiting both neritic and oceanic areas (Selvagens). Cephalopods (squid) were important for all populations. The birds' blood δ 13 C signatures matched those of their main prey items. The blood δ 13 C signature was negatively correlated with the latitude of the main feeding locations of individuals and segregated populations exploiting neritic and shelf systems from those feeding in oceanic and seamount areas. Even the signatures of geographically different populations that fed in the same oceanic regions were similar. The δ 15 N signature was negatively correlated with the abundance of cephalopods in the diet. Results from a stable isotopic mixing model estimated higher proportions of cephalopods in the birds' diet than proportions obtained by direct diet inferences, presumably due to the advanced digestion stage of cephalopods in the regurgitations. Our findings should have broader relevance to the study of foraging ecology of other top marine predators in the north Atlantic region.
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Resale or republication not permitted without written consent of the publisher individuals foraged and fed), we may only argue that those animals came from isotopically similar locations and/or fed upon isotopically similar prey (Inger & Bearhop 2008) . This is because the fundamental theory behind the isotopic concept is that the isotopic signature of predators is directly influenced by what they consume (Hobson & Clark 1992 , Bearhop et al. 2004 . This means that the stable carbon signature (δ 13 C, 13 C: 12 C) of consumers are usually similar to that of their diets, and the stable nitrogen ratio (δ 15 N, 15 N: 14 N) reflects the signature at the base of the food web and the predators' trophic position (Vanderklift & Ponsard 2003) . Specifically, stable carbon (δ 13 C) signatures vary little along the food chain (~0.8 ‰ trophic level -1 ; Minagawa & Wada 1984) , while stable nitrogen (δ 15 N) signatures typically increase between 2 and 5 ‰ trophic level -1 (Michener & Schell 1994 , Post 2002 . During the incubation and chick-rearing phases, pelagic seabird species such as the Cory's shearwater Calonectris diomedea borealis show different foraging strategies to exploit the marine environment, as directly conditioned by what is happening at the nest. The incubation shifts of Cory's shearwaters may last up to 20 d, but are on average 5 to 7 d long (Mougin et al. 1988 , Granadeiro 1991 . When feeding chicks, several pelagic seabird species including Cory's shearwaters have a dual foraging strategy (Weimerskirch 1998 , Paiva et al. 2010a ), i.e. parents alternate between long (≥5 d) and short (≤4 d) trips to cope with the need to frequently feed their chicks without compromising their own requirements (they restore their energetic reserves after the long trips) (Baduini & Hyrenbach 2003) . This dual foraging strategy determines which areas are exploited by adults and, ultimately, the diet composition of the individuals. The diet of Cory's shearwaters is mainly composed of epi-and mesopelagic fishes (e.g. scombrids, trumpet fish Macrorhamphosus sp., boarfish Capros aper and belonids), cephalopods and crustaceans (Furness 1994, Monteiro et al. 1996 , Granadeiro et al. 1998 . Overall, studies reporting quantitative information on Cory's shearwater diet for the different breeding populations of the north Atlantic are very scarce. Diet studies are limited to some colonies of the Azores (Granadeiro et al. 1998 , Magalhães 2007 , but other colonies such as those in the Berlengas (an island in the Portuguese continental shelf), Madeira or Selvagens archipelagos have not been researched. In this study, we present an integrative approach to investigate the foraging ecology of 6 different populations of Cory's shearwaters breeding in the Azores (Corvo, Faial and Sta. Maria), Berlengas, Madeira (Desertas) and Selvagens archipelagos over 2 reproductive periods (incubation and chick rearing) and 3 yr of study (2006 to 2008) .
Recently, Navarro et al. (2009) reported that the 2 sympatrically breeding subspecies of Cory's shearwaters in the Mediterranean (Calonectris diomedea diomedea and C. diomedea borealis) exhibited foraging segregation, as measured both by their isotopic signatures and tracking of their movements. However, the combination of different methods (i.e. foraging locations, diet composition and isotopic signatures) to interpret the feeding ecology of Cory's shearwaters has not been examined for populations breeding in the archipelagos of the Azores, Berlengas, Madeira and Selvagens. To fully understand the isotopic segregation of individuals, we remotely tracked foraging Cory's shearwaters, and collected blood and diet samples from tracked individuals on their return to the colony. This procedure enabled us to explain the foraging activity of different populations of the same species based on their isotopic signatures and diet composition. In particular, we tested the following predictions:
(1) the stable carbon signature is normally more enriched in benthic and inshore food webs than in pelagic and offshore food webs (France 1995) . In addition, the carbon isotopic signature of particulate organic matter (POM; at the base of the food web) is reported to be higher in low latitudes and lower in high latitudes (Hofmann et al. 2000) . The same pattern could be observed in the δ 13 C levels of marine plankton (Wada et al. 1987) , reflecting the variation in sea-surface temperature and CO 2 in the marine ecosystem (Goericke & Fry 1994) . Consequently, this pattern should be reflected in organisms at higher trophic levels such as seabirds (Quillfeldt et al. 2005 , Cherel et al. 2007 ). We expect blood carbon signatures of Cory's shearwaters to decrease from Selvagens (southern colony) to the Azores (northern colonies) and from shelf systems such as Berlengas to oceanic environments such as the Azores; (2) during the breeding period, the blood carbon signature of breeders should change in a predictable manner in response to the different areas exploited by birds (Paiva et al. 2010b) . During incubation, we expect adult Cory's shearwaters to have δ 13 C isotopic signatures that are shaped by those of prey taken during their long trips, as food consumed during short foraging trips should be masked by the preponderance of prey taken during long excursions. This is because stable isotopic values obtained from whole blood are believed to retain information on diet and atsea foraging habitat selection from a few weeks prior to sample collection (Pearson et al. 2003) . While feeding chicks, adults increase the number of short trips but maintain long excursions for self feeding (Magalhães et al. 2008) . At this time, we expect adults to have δ 13 C values that are similar to those during incubation (i.e. mostly shaped by the diet during long trips), as prey captured during short excursions should be mostly delivered to the chicks and not assimilated by adults; (3) because cephalopods collected on regurgitations are usually found in an advanced digestion stage (Granadeiro et al. 1998) , it is hard to evaluate from their beaks whether they are from a recent or a past foraging trip. We considered only fresh beaks (i.e. those with attached flesh or with still undigested transparent chitin) to belong to the current trip. By using stable isotope mixing models (Phillips & Gregg 2003) , we aim to quantify the relative importance of cephalopods in the diet of Cory's shearwaters.
MATERIALS AND METHODS
Between 2006 and 2008, we deployed data loggers on Cory's shearwaters breeding in different colonies of the North Atlantic (see Fig. 1 ) to track their movements, foraging behaviour and the location of their foraging grounds. After returning from the foraging trip, each tracked individual was subjected to direct diet sampling (regurgitation of stomach content) and collection of ~100 µl of blood for stable isotope analysis. This work was performed on 15 ind. campaign -1 and 1 foraging trip animal -1 during both the incubation and the chick-rearing periods (Table 1) . Colonies targeted by this study are located in distinct environments. Corvo (COR), Faial (FAI), Sta. Maria (SMA) and Desertas (DES) are located in an oceanic environment (i.e. islands within a short continental shelf of ≤200 m depth). Berlengas (BER) is situated in a neritic area within the large Portuguese continental shelf system, and Selvagens (SEL) is located in an oceanic area (also with a short continental shelf) but at a closer distance from a large shelf system (the African coast) than the other oceanic islands.
Diet collection and identification. Prey items were sampled immediately after blood collection to ensure that isotopic signatures of prey were more representative of synthesized blood tissue (Inger & Bearhop 2008) . Food samples were obtained using the 'water off-loading technique', which involved pumping of salt water to the bird's stomach, causing regurgitation (Wilson 1984) . Whenever possible, adults were sampled within the first hour after sunset to increase the probability of obtaining undigested remains of food from their stomachs (Granadeiro et al. 1998) . Birds with empty stomachs were not considered in the analysis. Samples were then frozen until identification and stable isotope analysis. In the laboratory, fresh prey items were washed with water, identified and separated from accumulated items. Some of the identifiable prey samples were prepared for stable isotope analysis. Identification of fish prey was based almost totally on the examination of otoliths and bones (Tuset et al. 2008) . Crustacean remains were strongly digested and identification of species was not possible.
Stable isotope analysis. Main food items taken by Cory's shearwaters were analyzed to create a basis for the interpretation of the isotopic signatures of blood (Cherel et al. 2007 ). We selected samples from as many diverse locations as possible because at least the δ 13 C signature should vary in the different areas inhabited by the prey species (Inger & Bearhop 2008) . Prior to analysis, fish samples were carefully inspected to remove nonmuscle matter (e.g. bone or scales in fish tissue), in order to remove inorganic carbonates that are less negative in δ 13 C than other fractions (DeNiro & Epstein 1978) . Doing so eliminates the need to use acidification methods, which could positively skew the nitrogen isotopic signature of tissues (Bunn et al. 1995) due to leaching of organic nitrogen from compounds (e.g. nucleic acids and amino acids; Goering et al. 1990 , Pinnegar & Polunin 2002 . Muscle samples were cut into the smallest pieces possible and lipids were extracted from prey samples using 5 repeated rinses Table 1 . Calonectris diomedea. Breeding location, date of study and reproductive phase for the different populations subjected to tracking, blood collection and diet sampling (N = 15 ind. for all study colonies). The same individuals were subjected to all 3 procedures; diet and blood samples were collected at the end of the foraging excursion (10 min duration) of 2:1 chloroform:methanol prior to analysis (Hobson & Clark 1992 , Kojadinovic et al. 2008 . Because lipid extraction would also change the δ 15 N isotope signature, we analyzed separate samples of each of the main species for δ 13 C (subjected to lipid extraction) and δ 15 N (without lipid extraction) isotopes (Kojadinovic et al. 2008) . Between rinses, samples were centrifuged for 5 min at 800 g. The supernatant containing the lipids was then discarded, whereas the pellet was dried on an aluminum plate for 48 h at 60°C. Consistently lower C:N values of the lipid-deficient samples in relation to bulk samples and similar C:N ratios between prey species indicated that lipid extraction following the described method was sufficiently efficient for all different prey samples (Kojadinovich et al. 2008) . Whole blood was dried in an aspirating hood for 48 h at 60°C for ethanol evaporation, as lipids in blood have been proven to be negligible (Bearhop et al. 2000 , Cherel et al. 2005a ). Both samples of blood and prey items were then ground into a homogeneous powder (Das et al. 2003) , with all utensils being cleaned with ethanol after the processing of each sample to avoid cross contamination. Stable carbon and nitrogen isotope analyses were carried out on 0.41 ± 0.03 mg (range: 0.32 to 0.49) subsamples that were placed in tin cups. Isotopic ratios were determined by continuous-flow isotope-ratio mass spectrometry (CF-IRMS). Results are presented conventionally as δ values (‰) relative to Pee Dee Belemnite (PDB) for δ 13 C, and atmospheric nitrogen (N 2 ) for δ 15 N. Tracking devices. We ringed and collected biometric measures from all birds that were used for logger deployments. Biometric measures included body mass, wing length, tarsus length, head and bill length (from the tip of the bill to the back of the head), culmen, gonys and bill depth. These measures were used in a discriminant function as described by Granadeiro (1993) to determine the sex of individuals. Dead-reckoning devices (i.e. compass-temperature loggers or compass-Tlog, earth & OCEAN Technologies) were attached with Tesa tape (Wilson et al. 1997) to the 4 central tail feathers. Attachment of tags took <10 min and birds were immediately returned to their nest. Overall, tags and attachment tape weighed ~15 g, which was approximately 1.7 to 2.5% of bird body weight. After retrieval of devices, birds were always weighed, as birds should gain weight either to relieve their mate on the nest (incubation period) or to feed their chick (chick-rearing period). During the incubation period, 50 birds were again weighed on the day after logger removal to obtain a better measure of assimilated mass: 93% of the birds increased in weight (mean: 18.1 g, range: 9 to 53 g). On Berlengas, during the chick-rearing period of 2007, birds carrying loggers had a similar weight increment (N = 15; 90.3 ± 22.7 g) as those without loggers (N = 20; 86.1 ± 33.4 g; t 46 = 0.82, p = 0.5). Moreover, fledging success of birds with or without loggers was similar (83.3%, N = 28 vs. 84.1%, N = 20) .
Intervals for collection of data on bearings and air or water temperature by tracking data loggers were set between 1 to 4 s for the chick-rearing period (memory lasted for 4 to 12 d), and 5 to 6 s for the incubation period (memory lasted for 20 to 24 d). The accuracy of these devices was not validated with GPS loggers, but results from a contemporary work made with GPS loggers in Corvo, Berlengas and Selvagens revealed similar track patterns and main foraging areas for neighbouring Cory's shearwaters (Paiva et al. 2010d) . Moreover, recent studies showed good results on the reconstructed excursions of common guillemots (Thaxter et al. 2008 ). The software MT-Comp v6 (Jensen Software System) was used for track reconstruction, enabling the discrimination between flight, swim and feeding events using a dead-reckoning technique (Antonia et al. 1995 , Wilson et al. 2007 ). The routes taken by Cory's shearwaters were reconstructed using the archived directional information together with their speed (general cruising speed for Cory's shearwater = 10 m s -1 ; Paiva et al. 2010c) , and the directional information was converted into a vector. From the direction and speed information, vectors for each subsequent data point were calculated and strung together to reconstruct the full foraging track. We know 3 main sources of error to influence the difference between the start and end point positions (i.e. the colony location) in a raw reconstructed track, namely (1) setting a mean flight speed, which assumes that the bird always travels at the same speed, when there is actual variation along the track; (2) setting the speed to 0 m s -1 when the birds are resting at the water surface, when there is actually some motion associated with surface currents; and (3) the wind information that is initially not set in the software but when entered improves the shape of the track by significantly adjusting the end position to the colony of origin. In order to minimize wind drift error, especially for trips lasting several days, we added wind speed and direction information to the MT-Comp software for track reconstruction. Daily composites of wind characteristics were obtained from http://cersat.ifremer.fr/data/ discovery/by_parameter/ocean_wind/mwf_quikscat. Details of the steps used for track reconstruction can be found in Paiva et al. (2010b) . Dive events were identified as sudden changes in the temperature sensor data that were accompanied by peaks of activity in the compass registry. Doubtful registries of potential dives were always discarded and considered as in-water periods. More details on interpretation of bird behaviour from this brand of devices are available in Thaxter et al. (2008) . Diving locations of birds at sea were examined using the Animal Movement Extension ArcView GIS (Hooge & Eichenlaub 1997) , applying fixed kernel density (FKD) estimates with least-squares cross validation (Worton 1989 , Beisiegel & Mantovani 2006 . We considered the 50% FKD estimates to represent the core area of diving activity (i.e. feeding activity). To characterize the marine environments exploited by Cory's shearwaters while foraging, bathymetry and chl a were respectively obtained from www. ngdc.noaa.gov/mgg/global/global.html and http:// oceancolor.gsfc.nasa.gov/. Statistical procedures. Normality (KolmogorovSmirnov test) and homoscedasticity (Levene's test) of the data were verified before each statistical test. Because the sampling effort was not even between populations (i.e. some populations were sampled only during incubation, while others during incubation and chick rearing, for example), analyses of δ 13 C and δ 15 N stable isotope segregation between populations were performed using Generalized Linear Mixed Models (GLMMs, Faraway 2006) . Bird identity nested within island was included in all models as a random term. The GLMM used a quasi-Poisson error distribution with a logarithmic link function for the count data (Schall 1991 ). Two separate GLMMs tested the isotopic segregation of populations sampled during the incubation (FAI, SMA, BER and DES) and chick-rearing (COR, FAI, BER, SEL) phases. A third GLMM tested the main and interaction effects of population (BER or FAI) and breeding phase (incubation and chick rearing) on the isotopic segregation of birds. Initially, sex and trip type (i.e. long or short trips) were tested as factors but both variables were dropped from all models due to their lack of significance (all models: p > 0.14 and p > 0.09, respectively). Between year (chick-provisioning period -2006 and 2007) differences in isotopic signatures were also tested for the population of BER using GLMMs, with bird identity being nested within year as a random term. Thereafter, only the values of BER 2007 were used to analyze isotopic segregation among populations. Spearman correlations between (1) latitude and blood δ 13 C isotopic signature; (2) latitude and blood δ 15 N values; and (3) blood δ 15 N signature and proportion of fish in the diet were calculated. GLMMs were used to (1) inspect differences in the δ 15 N values among main prey items of the birds' diet; and (2) test for differences in the δ 15 N signature of each prey between breeding sites. If the same prey species share similar δ 15 N signature for the different colonies, direct comparisons of the birds' trophic levels (i.e. blood δ 15 N signature) among colonies is possible. All models included prey species nested within island (i.e. the breeding site where the diet item was collected) as a random term. Chi-square tests were used to investigate differences in the numerical frequency of the main prey in the diet of Cory's shearwaters between short and long trips. All analyses were performed using the R software (version 2.9.2, R Development Core Team 2009) with a significance level of p < 0.05. Means are presented with their SDs.
Two-source stable isotope mixing models. To determine the isotopic contribution of the 2 main food sources (fish and cephalopods) to the birds' blood tissue, we constructed mixing models using the program ISOSOURCE (Phillips & Gregg 2003) . These models generate the relative contributions of fish and cephalopods in the birds' diet composition. To apply these models, isotopic values for food items must be adjusted to the trophic level of consumers by using specific enrichment factors (Gannes et al. 1998) . Based on the literature, we applied mean respective enrichment factors of 2.7 and -0.9 ‰ to δ 15 N and δ 13 C values between fish species and whole blood of birds (Cherel et al. 2005a ). Since no isotope fractionation value between cephalopods and whole blood of seabirds is available in the literature, we applied values based on birds (N = 9, from different places) whose diet was almost exclusively composed of cephalopods. Thus, we used 2.5 and 0.1 ‰ as δ 15 N and δ 13 C fractionation values, respectively. We developed 4 isotopic mixing models for populations sampled during chick rearing. Because diet samples collected during chick rearing are expected to be less digested (due to the higher number of short trips), the comparison of diet proportions estimated by the model and those obtained in diet samples during chick rearing should be more reliable. Each model was constructed using isotopic values from diet samples (N = 8 to 20) that were obtained only from the specific breeding location for which the model was developed (e.g. the model for Berlengas was constructed only with prey collected from Berlengas birds. This should improve the accuracy of the different isotopic mixing models.
RESULTS

Conventional diet
Overall, the different populations of Cory's shearwaters fed predominantly on fish species, with a diversity varying from 3 to 5 species between breeding localities, reproductive phases and seasons (Table 2) . Across the colonies, fish species maintained their importance during both incubation and chick rearing. The dominance of Trachurus picturatus (mean numerical frequency = 75.7%) as the main prey item for populations exploiting oceanic environments (COR, FAI, SMA and DES) was evident. Birds exploiting coastal and neritic systems had diets based on Sardina pilchardus (27.3%), Belone belone (26.1%) and Trachurus trachurus (16.2%) for BER birds and Scomber sp. (48.3%) and Exocoetus volitans (20.3%) for SEL birds. Although less important than fish, cephalopods comprised up to 22.3% (mean = 13.7%) of the numerical frequency, and were therefore considered as a main prey item for all areas. Crustacea had a minor importance in the diet of Cory's shearwaters, comprising only a maximum of 7.4% in Corvo, and was excluded from analysis (Table 2) . Moreover, the numerical frequency of the main prey items did not differ between short and long trips (all p > 0.10). Interestingly, the frequencies of cephalopods in the diet of adults were always higher after long trips than after short excursions.
Marine areas exploited by foraging Cory's shearwaters
Diverse populations of Cory's shearwaters showed a clear spatial segregation during foraging excursions, with both habitats close to shore and pelagic environments being exploited. Frequencies of trip duration separated short (≤4 d) from long (≥5 d) foraging trips in the different populations. During incubation, the most repeated pattern was 1 short trip (mean for all study sites = 1 d) and 1 long trip for several days (mean for all study sites = 7 d). Throughout this period, birds from Azorean populations (FAI, SMA), DES and BER fed in areas north of the Azores, mostly exploiting known seamount areas and probably a frontal region occurring there (Fig. 1) . In contrast, during chick rearing, each individual usually alternated 5 short trips (mean for all study sites = 1 d) with 1 long one (mean for all study sites = 6 d). At this phase, habitats exploited by birds from BER were almost exclusively located close to the breeding colony, whereas SEL birds alternated between exploiting closer environments and the African coastal area. Moreover, COR and FAI birds maintained the exploitation of northern waters, although exploited areas were not as distant for FAI birds as those exploited during incubation (Fig. 1) .
Comparison of isotopic signatures between incubation and chick rearing
We first constructed GLMMs for the populations where both incubation and chick-rearing periods were sampled (i.e. Faial and Berlengas, Table 1 ). With this data, GLMMs explained 19.3 and 58.8% of the original variance in δ 13 C and δ 15 N signatures. No significant effect of breeding period (F 1,58 = 1.38, p = 0.10), population (F 1,58 = 2.01, p = 0.16) or interaction (F 1,58 = 3.03, p = 0.24) on the carbon signature of both populations was observed. However, birds from both populations had enriched δ 15 N values during chick rearing relative to those during incubation (F 1,58 = 5.11, p = 0.003), although no significant differences were observed between populations when data from the 2 breeding periods were combined (F 1,58 = 2.47, p = 0.12; Fig. 2) . Moreover, during both incubation and chick rearing, birds from BER fed on higher trophic level prey than birds from FAI (F 1,58 = 6.44, p = 0.01).
Since breeding period segregated the trophic levels (i.e. δ 15 N) of the FAI and BER populations, we con- ducted an independent analysis for the populations sampled during incubation (FAI, SMA, BER, DES) and chick rearing (COR, FAI, BER, SEL). During incubation, GLMMs explained 75.3 and 67.2% of the original variance in δ 13 C and δ 15 N signatures, respectively. At this time, birds from BER had similar carbon signatures as those from FAI, and both had higher signatures than individuals from SMA, which had similar levels as birds from DES (F 3,56 = 27.53, p < 0.001; Fig. 2 ). Based on blood δ 15 N values, birds from BER and SMA foraged at a higher trophic level than birds from DES and FAI (F 3,56 = 10.45, p < 0.001). Therefore, blood samples taken during incubation were likely to represent isotopic signatures of food assimilated during long trips. During chick rearing, the models explained 55.1 and 62.9% of the original variance in δ 13 C and δ 15 N signatures, respectively. Birds from FAI showed similar δ 13 C signatures as those of BER, and both had lower signatures than SEL birds and higher signatures than COR birds (F 3,56 = 29.33, p < 0.001; Fig. 2 ). The δ 15 N values segregated populations from BER and COR that had higher values than those from SEL and FAI (F 3,56 = 11.92, p < 0.001). At Berlengas, we found significant differences between years (2006 and Overall, the isotopic signatures of the different populations corresponded well with the signatures of their main prey items based on the δ 15 N signature (Fig. 2) . Main relationships were between the Trachurus picturatus δ 13 C isotopic signature and blood values of COR, SMA and FAI birds. Signatures of BER birds were related with Sardina pilchardus, Belone belone, Trachurus trachurus and Scomber sp. δ 13 C signatures. The carbon signature of Exocoetus volitans was only related with that of SEL birds. Moreover, we found a negative significant correlation between the proportion of cephalopods in the diet (in relation to fish) and blood δ 15 N value (r s = -0.61, p = 0.01, N = 120). On the other hand, main food items of the different populations had different signatures of δ 15 N (GLMM: F 5,51 = 4.54, p = 0.003), with the main difference being the lower trophic level of cephalopods in relation to higher trophic positions of fish prey species. When considering the same prey species collected from different breeding sites, the nitrogen signature did not differ significantly for Trachurus picturatus (COR, FAI, SMA, DES; GLMM: F 3,33 = 1.98, p = 0.14), Trachurus trachurus (BER, SEL; F 1,39 = 1.02, p = 0.32), Sardina pilchardus (BER, SEL; F 1,39 = 2.09, p = 0.16), Scomber sp. (BER, SEL; F 1,39 = 2.23, p = 0.14), and cephalopods (COR, FAI, SMA, BER, DES, SEL; F 5,56 = 2.14, p = 0.07). This indicates that these different prey share similar δ 15 N signatures, allowing δ 15 N signatures of birds to be compared among populations. Overall, the birds' blood and their prey were segregated by their δ 15 N (GLMM: F 5,206 = 9.32, p < 0.0001), with birds having significantly higher values than their prey. When δ 13 C values were plotted in relation to latitude, a high negative correlation was obtained (r s = -0.86, p < 0.001, N = 9; Fig. 3 ), reflecting mostly a choice between 2 types of feeding grounds: (a) oceanic environments and seamount features, which were exploited mostly during long trips of incubation, and had lower isotopic values, and (b) neritic waters and shelf systems, which were exploited mostly during short trips of chick rearing, and had higher isotopic values. When the same plot was used for the blood δ 15 N signature, it segregated birds exploiting neritic waters (related with higher trophic level prey) from individuals exploiting oceanic environments (related with lower trophic level prey) (Fig. 3) . However, the blood δ 15 N signature was not correlated with the latitude where birds mostly fed (r s = -0.30, p = 0.21, N = 9).
In general, diet proportions estimated by the isotopic mixing model were within the CI of direct diet proportions, with the exception of Corvo, where estimates for cephalopods were higher than the CIs of real diet. Interestingly, we obtained a constantly higher proportion of cephalopods from model estimates than from the direct diet samples of tracked individuals (Fig. 4) . 
DISCUSSION
The feeding and foraging ecology of a north Atlantic top marine predator was studied by combining data on foraging activity derived from compass loggers (i.e. feeding locations), direct diet sampling, and blood δ 13 C and δ 15 N stable isotope analyses of the same individuals at several breeding places of the north Atlantic. Thus, we illustrated the capacity of blood stable isotope signatures to unravel trophic ecological niches of different populations of a pelagic seabird like the Cory's shearwater in a vast oceanic area. Apart from data on diet composition of Cory's shearwaters breeding in the Azores (Granadeiro et al. 1998 , Magalhães 2007 , we present the first data on the feeding ecology of populations of this species breeding in Berlengas, Desertas and Selvagens archipelagos.
The role of the carbon isotopic tracer in describing
foraging choices and at-sea distribution δ 13 C values usually segregate the feeding habits of consumers in inshore and benthic environments (more enriched) from those of consumers in offshore and pelagic environments (more depleted) (France 1995 , Hobson et al. 2002 . Moreover, the relative importance of the horizontal (inshore-offshore) and the vertical (benthic-pelagic) components ultimately depends on the sources of carbon influencing the base of the food web (Hobson et al. 1994 ). δ 13 C signatures also segregated our Cory's shearwater populations exploiting neritic and shelf systems from those feeding in oceanic environments (mostly seamounts but also frontal regions) in the northern Atlantic waters. However, when the foraging habitat of consumers is homogeneous, the ability of δ 13 C to segregate between inshore and offshore foraging choices seems to be compromised, such as in tropical environments (Catry et al. 2008) . On the other hand, our data show a negative correlation between blood δ 13 C signature and latitude, thus probably reflecting δ 13 C patterns at the base of the food web and consequently, in the entire food chain. Based on our results, the δ 13 C signature of Cory's shearwaters feeding in the North African coast increased with decreasing latitude (Navarro et al. 2007) . Moreover, the carbon isotope signature of feathers of Cory's shearwaters was significantly lower on birds from Sta. Maria (Azores) than on those breeding on Canarias (Ramos et al. 2009a) , and on birds in the Atlantic region than on those from the Mediterranean areas (Ramos et al. 2009b) . Following the previous rationale, individuals exploiting the same area should possess identical carbon signatures. In fact, this was confirmed, for example, by the overlapping feeding areas and signatures of birds from DES and SMA during incubation (Fig. 1) , when both were feeding in the Azores-Biscay rise area and on a frontal region. Nevertheless, highest values of carbon signatures in our study were found for the populations of SEL and BER that exploited the coastal systems of the African and Portuguese shelves, respectively. This is likely due to the enhanced primary production in SEL and BER (Davenport et al. 2002 , Sousa et al. 2008 ) that probably increased the δ 13 C values of zooplankton and phytoplankton, δ 13 C being positively correlated with productivity (Laws et al. 1995) . Therefore, the effect of the strong primary productivity along the neritic areas of SEL and BER may be camouflaging the effect of latitude. Thus, we cannot determine which of the 2 gradients (latitude or productivity, or a combination of both) is shaping the carbon signatures of predators in the north Atlantic. Further studies are needed in order to disentangle this issue.
The influence of breeding period on carbon isotopic segregation
During the incubation period, birds retained in their blood the δ 13 C isotopic signatures of prey caught in the most distant feeding areas (i.e. feeding areas of long trips). Because the turnover of whole blood is relatively quick (i.e. a few weeks; Pearson et al. 2003) and birds only engaged in 1 daily trip before their long (several days) foraging displacements, this was an expected result for most of the populations. While chick rearing, Faial birds maintained the carbon signature they had during incubation. Another expectation that was verified was the similarity of the carbon signature of Faial birds during incubation and chick rearing. Indeed, birds increased the number of short trips to feed their chicks but maintained long excursions for self feeding. However, the blood carbon signature of birds from BER was different between incubation and chick rearing. Here the number of short trips was high even during incubation, with 80% of birds exploiting the Portuguese continental shelf and 20% travelling to northern areas to exploit seamounts and frontal regions. Furthermore, BER birds had higher δ 13 C signatures during chick rearing than during incubation. This means that birds fed on at least some of the same species that they delivered to their chicks, reflecting the different isotopic trophic niches exploited during short trips of chick rearing and long trips of incubation. Cherel et al. (2007) reported that short-tailed shearwaters (Puffinus tenuirostris) performing short trips had similar δ 13 C values as those returning from long excursions, but birds made 2 consecutive short trips after each long trip in their study. However, as Cory's shearwaters usually performed 5 short daily trips after a long trip, their carbon signature would more likely represent an average value that is between values of food acquired during short and long trips. Besides, the different populations of Cory's shearwaters captured higher trophic level prey during the chick-provisioning period than during the incubation phase. Because the adult blood δ 15 N was constantly higher during chick feeding than during incubation, we may argue that adults targeted higher-quality food to feed their chicks. Indeed, this strategy is used by other seabird species, such as the Adélie penguins (Pygoscelis adeliae; Cherel 2008) and little terns (Sternula albifrons; Paiva et al. 2006) . However, the diet composition of Faial and Berlengas birds changed little between breeding periods (incubation vs. chick rearing).
Are cephalopods being underestimated in diet sampling?
Overall, the nitrogen isotopic signature segregated populations that were feeding mostly on prey of higher trophic level when foraging in neritic systems, from populations assimilating lower trophic level prey when feeding in oceanic systems (mainly seamount areas). Scavenging on fisheries discards by this species (Valeiras 2003) may also contribute to the lower nitrogen levels of individuals. We realize that the foraging behaviour and diet of Cory's shearwaters may be influenced by fishery activity (Bartumeus et al. 2010 ), but we did not find clear evidence of birds feeding on discards, i.e. all items found in prey samples appeared to be caught naturally. Direct relationships between blood carbon signatures of birds and those of their main prey have been reported for several seabird species (e.g. Cherel et al. 2005a Cherel et al. , 2005b , suggesting a direct influence of prey trophic level in shaping consumer trophic position (Inger & Bearhop 2008) . This was also observed in our study, where the different populations of Cory's shearwaters had similar carbon signatures as their main prey species. Because the trophic level (nitrogen isotope) was similar among pelagic fish species, and lower than that of cephalopods, an increasing proportion of cephalopods in the birds' diet should decrease the blood δ 15 N. This fact should partly explain the negative correlation between the proportion of cephalopods in the diet and the blood δ 15 N signature. The highest number of eroded cephalopod beaks was collected during the incubation period (V. H. Paiva unpubl. data) when long trips were more common. Moreover, cephalopod beaks that were obtained from stomach flushing of the birds were usually much eroded, and we considered them to be from old foraging trips (Granadeiro et al. 1998 ). This should lead to an underestimation of cephalopods in the diet, which is a plausible explanation for the higher blood nitrogen values during the chick-rearing than during the incubation period. Moreover, results from the stable isotope mixing models always estimated higher proportions of cephalopods, highlighting the potential underestimation of cephalopods in the diet of adult birds. On the other hand, the difference in the δ 15 N signature between the birds' blood and their prey encompasses only 1 trophic level (~3.3 ‰; McCutchan et al. 2003) , suggesting that the described diet composition (Table 2) indeed represented the main prey items of the birds.
CONCLUSIONS
Overall, the present work illustrates how a top marine predator like the Cory's shearwater exploits different habitats and trophic niches in coastal and pelagic areas of the north Atlantic. We showed that δ 13 C and δ 15 N stable isotope signatures could trace and segregate foraging niches of upper trophic level predators in the north Atlantic. (1) The blood δ 13 C signature was negatively correlated with the latitude of main feeding locations, and segregated individuals feeding in neritic and shelf systems from those feeding in oceanic and seamount areas. (2) The blood nitrogen signature clearly segregated populations feeding on upper trophic level prey from those exploiting lower trophic level items, with cephalopods playing a role in shaping lower nitrogen signatures. The spatial segregation and diet composition heterogeneity between populations of the same region might be a strategy to reduce competition for space and resources. This may explain how seabirds can coexist within a region, although further studies are needed. (3) Findings of this study may have a broader relevance to the study of foraging ecology of other upper trophic level predators in the north Atlantic region. 
